Abstract Radiation therapy (RT) for brain tumors is associated with neurocognitive toxicity which may be a result of damage to neural progenitor cells (NPCs). We present a novel technique to limit the radiation dose to NPC without compromising tumor coverage. A study was performed in mice to examine the rationale and another was conducted in humans to determine its feasibility. C57BL/6 mice received localized radiation using a dedicated animal irradiation system with on-board CT imaging with either: (1) Radiation which spared NPC containing regions; (2) Radiation which did not spare these niches; or (3) Sham irradiation. Mice were sacrificed 24 h later and the brains were processed for immunohistochemical Ki-67 staining. For the human component of the study, 33 patients with primary brain tumors were evaluated. Two intensity modulated radiotherapy (IMRT) plans were retrospectively compared: a standard clinical plan and a plan which spares NPC regions while maintaining the same dose coverage of the tumor. The change in radiation dose to the contralateral NPC-containing regions was recorded. In the mouse model, non-NPC-sparing radiation treatment resulted in a significant decrease in the number of Ki67
Introduction
Radiation therapy (RT) is a critical component in the treatment of a wide variety of brain tumors. However, it is associated with significant toxicities to normal brain tissue. Numerous studies have demonstrated severe neurocognitive deficits following cranial irradiation, most notably in children [1] [2] [3] [4] [5] [6] . The precise mechanism for this remains unclear and is likely multifactorial. Animal studies have shown an association between radiation-induced dysfunction of neural progenitor cells (NPCs) and neurocognitive decline following central nervous system irradiation, with effects seen at doses as low as 2 Gy [7, 8] . One hypothesis is that irradiation inhibits neurogenesis in the dentate gyrus (DG) [9] . This has been linked to behavioral changes in a number of animal studies [10] [11] [12] [13] .
NPCs are found in two regions of the adult mammalian brain: the subventricular zone (SVZ) of the lateral ventricles and the DG of the hippocampus [14] [15] [16] . These cells play an important role in repair of injury within the central nervous system [17, 18] , including recovery from radiation induced damage [19, 20] . However, these cells are extremely sensitive to radiation as are their progenitor stem cell populations [7, [21] [22] [23] . Studies suggest that neurogenic areas similar to those described in the rodent brain exist in the human brain as well [16] , and that injury to these regions may be contribute to the long term neurocognitive sequelae associated with cancer therapy. For example, intrathecal methotrexate in children receiving prophylactic therapy for acute lymphoblastic leukemia is known to cause long term neurotoxicity [24] [25] [26] [27] . Since this cycle active drug penetrates only a thin layer of tissue around the ventricles, it is likely that injury to cells in the periventricular region is related to long term cognitive deficits following this therapy [28] .
In spite of the relationship between neurocognitive toxicity and injury to the NPCs, modern radiation treatment techniques do not attempt to limit the radiation dose to the NPC-containing niches. Three pilot studies each evaluating five or fewer patients suggest feasibility of ventricular or hippocampal-sparing RT [29] [30] [31] [32] . However, no studies to date have assessed the feasibility of this approach in a population of patients with multiple different tumor volumes and geometries relative to the NPC containing niches. It is therefore unclear if radiation sparing of NPC regions is feasible in practice.
The purpose of this study was twofold: First, we delivered localized RT to rodents to assess whether conformal radiation techniques designed to spare the NPCs produced different results than conventional RT techniques. Second, we aimed to retrospectively examine the feasibility of using a simple modification to widely accepted radiation planning techniques to decrease the radiation dose to these progenitor cell containing areas without compromising radiation coverage of the tumor. The long term goal of this research approach is to minimize radiation injury to NPC containing regions of the brain and thereby hopefully reduce undesired neurocognitive outcomes in brain tumor survivors.
Materials and methods

NPC-sparing radiation in mice
Animals and radiation
The animal component of the study was conducted on 8 week old male C57BL/6 mice with the approval of the Johns Hopkins Animal Care and Use Committee under standard animal care and use protocols.
For radiation treatment planning purposes, a T2-weighted brain MRI of a 8 week old C57BL/6 mouse was acquired with a 9.4 T MRI BioSpec 94/20 (Bruker Inc., Billerica, MA) and was imported into the Pinnacle radiation treatment planning system (Philips Radiation Oncology Systems, Madison, WI). The MRI was used to contour the lateral ventricles and the capsule of the hippocampus.
Treatment with millimeter-scale radiation beams is performed using the small animal radiation research platform (SARRP), an in-house system with on-board CT imaging for guidance [33] . Animals were treated under anesthesia and immobilized using a stereotactic device. Two radiation treatment plans were developed to target a hypothetical tumor location in the cortex placed 1.5 mm lateral to the lateral ventricle. In the first plan (n = 3 mice), five 1 mm diameter non-coplanar X-ray beams were chosen to avoid the ispilateral ventricles and hippocampus using the 3D beams-eye view. In the second plan (n = 3 mice) five non-coplanar beams were evenly spaced with no intention of sparing the ipsilateral neural progenitor containing regions. Both plans used equally-weighted beams at a specified depth for a total intended dose of 20 Gy to the hypothetical target. The dose rate was approximately 1 Gy/min.
To quantify radiation dose distributions, Monte Carlo calculations were performed using the EGSnrc package [34] using CT images from the SARRP coregistered to the MRI images described above. BEAM was used to fully characterize the SARRP X-ray source and beam collimation devices. 225 kVp X-rays emitted from the 1 mm SARRP collimator were then tracked through the CT dataset using DOSXYZ, which accounts for tissue heterogeneity by mapping CT numbers to a set of predefined compounds (e.g., tissue and bone) with density ranges for each [35] . These calculations were carried out at a voxel resolution of 0.34 9 0.34 9 0.34 cubic mm. Resulting dose deposition grids were re-imported into the Pinnacle radiation planning system for display and quantitative evaluation. Dose volume histograms (DVH) for the structures of interest were calculated.
For precise targeting of the isocenter during treatment, an intrathecal iodine contrast injection was used to visualize the lateral ventricles on CT. The technique consisted of exposing the cisterna magna by moving three layers of muscle in the back of the neck, a sterile procedure performed under anesthesia and with the use of analgesics. Iodine contrast media, Iohexol 300 mgI/ml (GE Inc., Oslo, Norway), was injected under the dura mater, the thin membrane layer covering the cisterna magna using a 30 gauge needle on a 1 ml syringe. Injected volumes were 50 ll for a 13-20 g mouse and 70 ll for a 20-30 g mouse determined empirically to be non-toxic. The injection was performed with the aid of a microscope in order to ensure that the vessels lining the dorsal surface of the nervous system were not ruptured. The needle was held in place for 1 min to prevent backflow. Radiation treatments were administered using 225 kVp, 13 mA, and 0.25 mm copper filtration on the SARRP under CT guidance. Five beams each of 1 mm diameter were delivered as outlined above. A third group of mice (n = 3) underwent sham irradiation, following all of the above described steps precisely, except that no radiation treatment was given.
Immunohistochemistry and stereologic counting
Twenty-four hours after radiation, the animals were sacrificed using transcardial perfusion under deep anesthesia first with 0.9% saline followed by 4% PFA. Brains were extracted and post-fixed for 8 h in PFA followed by a sink in 30% sucrose. Finally, the tissue was frozen in OCT. Cyrosectioning of coronal slices was performed at 10 lm slice thickness.
The marker for proliferation employed is Ki-67 which is a protein present in every phase of the cell cycle except G0 [36] . This marker has been widely used in studies of NPCs [8] . Immunohistochemical staining with Ki-67 was as follows: antigen retrieval with citric acid (0.01 M in deionized water), rinse in phosphate buffer solution (PBS, 3 9 5 min), 30 min in blocking serum (10% goat serum with 0.1% triton-X for membrane permeabilization), overnight incubation in rabbit monoclonal anti Ki-67 primary antibody at 4°C (1:200, Neomarkers), PBS rinse (3 9 5 min), 1 h in secondary antibody. The secondary antibody was conjugated with a fluorphor, 1:500 goat antimouse alexa fluor 488 conjugated (Millipore, Inc.) and nuclear stain with DAPI (4 0 -6-diamidino-2-phenylindole). Stereological counting was performed using 10 lm tissue sections evenly spaced along the rostral-caudal length of the ipsilateral SVZ and DG. Cells were counted on every tenth section. Because the radiation was planned without any intention of sparing the contralateral NPC containing niches, cell counting was not performed on the contralateral SVZ and DG of the brain.
Statistical analysis
A one-way ANOVA was performed using SigmaStat Software (version 3.1) to compare the number of Ki-67? cells in the brains of animals treated with the NPC-sparing radiation, non-NPC-sparing radiation, and sham irradiation. Post hoc multiple comparisons using Student-Newman-Keuls method were used to determine significant differences between the groups.
Clinical feasibility
Thirty-three patients treated with intensity modulated radiotherapy (IMRT) for primary brain tumors at Johns Hopkins Hospital between August 2006 and February 2009 were selected at random and retrospectively evaluated in this study (Table 1) . Approval was granted by the Johns Hopkins Hospital Institutional Review Board prior to data collection. Patients underwent a CT with contrast of the whole brain for treatment planning purposes using the Brilliance Big Bore CT simulator (Philips Inc., Cleveland, OH). In addition, all patients had pre-treatment MRI scans of the brain using a T1-weighted sequence with a gadolinium contrast agent and a FLAIR sequence which were manually co-registered with the planning CT for precise tumor delineation in the Pinnacle treatment planning system (v.8.0m, Philips Inc., Madison, WI).
The planning target volume (PTV) for each patient was designated by the treating physician at the time of initial treatment planning. The margins reflect the institutional standard at the Johns Hopkins Hospital during the study period, and PTV contours were not modified in any way for the purpose of this study. NPC-containing niches were contoured on the T1-weighted MRI scan with gadolinium contrast and were defined as 5 mm region adjacent to the lateral wall of the lateral ventricle and the entire DG of the hippocampus.
The IMRT treatment plan used clinically for each patient was considered as a baseline plan. The PTV as defined on the initial IMRT plan was not modified in any way for the NPC-sparing IMRT plan. The NPC containing regions were defined as a 5 mm region adjacent to the lateral wall of the lateral ventricle as well as the entire hippocampus. A second IMRT plan using the NPC-containing regions of the brain as avoidance structures was created for each patient. In cases where the NPC-containing regions of the brain were encompassed by the PTV, additional contours were drawn such that modified avoidance structures only contained areas outside of the PTV in which sparing was believed to be possible. Inverse planning objective functions were identical between the initial and NSC sparing plans except for the addition of NPC containing regions as avoidance structures using maximum DVH criteria. Standard dose constraints to adjacent normal tissues were employed and were not modified from the institutional standard at the Johns Hopkins Hospital. Multiple iterations were made until the plan was maximally optimized such that further reductions in dose to the NPC containing regions resulted in reduction of tumor coverage. Final analysis of radiation dose to the NPC containing regions of the brain was based on the original complete contours rather than on the modified NPC contours drawn for planning purposes.
The dose to 70% or more of the volume (D70) was recorded for the right and left lateral wall of the lateral ventricle, right and left DG, and PTV for both the clinical and NPC-sparing IMRT plans for each patient.
The absolute difference and percent change in D70 between the initial and NSC sparing plan was calculated for each structure.
Results
NPC-sparing radiation in mice
Dosimetry
Monte Carlo calculations confirmed that the NPC-sparing radiation plan delivered a lower radiation dose to the bilateral lateral ventricles and DG than the non-NPCsparing radiation plan. Figure 1a -c and f-h shows MRI and CT images from the mouse radiation treatment plans showing the Monte-Carlo-based radiation dose distributions for the non-NPC sparing and NPC-sparing radiation treatment plans. In the non-NPC sparing plan, the region of the SVZ along the ipsilateral lateral ventricle receives a high radiation dose as does the ipsilateral DG, whereas the dose to these regions are substantially reduced in the NPC-sparing radiation treatment plan. Table 2 shows the mean doses to the NPC-containing niches for both the NPC-sparing and non-NPC sparing radiation plans. Clinical feasibility Figure 3 shows IMRT plans for a patient with GBM in the left tempoparietal lobe. The NPC-sparing radiotherapy plan (right) reduces the radiation dose to a portion of the contralateral SVZ region compared to the standard plan (left) without compromising tumor coverage. Figure 4 shows the DVH from the clinical IMRT plan (dashed line) compared with the DVH from the NPCsparing IMRT plan (solid line) for a patient with GBM. Note that there is no clinically relevant change in coverage of the tumor PTV, but there is marked reduction of dose to the contralateral SVZ. The ipsilateral SVZ and ipsilateral DG (not shown) are contained within the target volume and therefore receive full dose in both plans.
In IMRT plans, the mean improvement in dose received by 70% (D70) of the contralateral DG is greater than 30% in patients with GBM and less in other histologies. The mean improvement in D70 to the contralateral lateral ventricle is greater than 60% in patients with pituitary adenoma and less in other histologies. Table 3 shows the improvement in D70 to the contralateral DG in the NPCsparing IMRT plan compared with the initial IMRT plan, and improvement in D70 to the contralateral lateral wall of the lateral ventricle in the NPC sparing IMRT plan compared with the initial IMRT plan for each tumor histology.
By design, decreases in dose to the NPC containing regions were associated with no clinically relevant change in dosimetric coverage of the PTV.
Discussion
RT is an integral component of the treatment of tumors of the central nervous system, but the long term neurocognitive toxicity associated with radiation to the brain can be severe and have important negative consequences on patient quality of life. Numerous animal studies have demonstrated a relationship between radiation dose to the NPC-containing niches and neurocognitive decline following RT [7, 8] . Although modern RT techniques such as IMRT allow radiation oncologists to precisely target and deliver radiation to at-risk areas of the brain while sparing critical adjacent normal structures, currently no effort is made to limit radiation dose to the NPC-containing SVZ of the lateral ventricle or the DG of the hippocampus. We propose a simple modification of the standard of care RT Fig. 2 Ki67? cell counts for three irradiation schemes: sham irradiation (white), non-NPC sparing radiation (black), and NPC-sparing radiation (gray) in the ipsilateral SVZ (a) and DG (b). There is no significant difference between the sham irradiation and NPC-sparing radiation groups Our animal model demonstrates that focal NPC-sparing radiation techniques effectively spare proliferating cells at 24 h after radiation. This is the first study to our knowledge to demonstrate that conventional radiation techniques result in a significant decrease in proliferative cells compared to NPC-sparing radiation techniques. Our human feasibility data demonstrate that it is possible to spare a portion of the SVZ of the lateral ventricles and the hippocampus using IMRT in a population of patients with a wide variety of tumor geometries and locations relative to the NPC-containing niches. This sparing is possible without modifying the original target volume and without any clinically relevant change in dosimetric coverage of the tumor.
The concept of neural stem cell-sparing RT was previously presented by Barani et al. [31] utilizing a single patient CT dataset to generate conventional and NPC sparing radiation treatment plans for two theoretical clinical scenarios: (1) A case of brain metastases in which they compared whole brain RT using opposed lateral radiation beams with an IMRT plan to treat the whole brain volume; (2) A high-grade glioma in which they compared a standard three-field technique using opposed laterals plus an anterior superior oblique beam with an IMRT field. Similarly, Ghia et al. [29] performed an exploratory analysis in a single patient which suggested that it is possible to selectively boost visible brain metastases while avoiding the hippocampus when treating brain metastases with whole brain RT. Gondi et al. [32] recently published a detailed description of their hippocampal-sparing whole brain RT technique in preparation for testing neurocognitive outcomes in a cooperative group trial.
Our NPC-sparing RT technique differs from the prior studies. Rather than trying to limit the radiation dose to the NPC regions globally, we attempt to create a cold spot within some region of the NPC-containing niche in which we apply very tight dose constraints to a limited volume. The purpose is to restrict the radiation dose to this region to a level that will truly spare the cells, to allow these cells to assist with repair throughout the brain. Another important distinction from Gondi et al. [32] is that we aim to spare the NPC within SVZ, as possible, whereas they attempt to spare the hippocampus alone. Furthermore, our human planning data represent an important expansion of the previous studies as our analysis shows that NPC-sparing RT is feasible in more than 30 patients. There are several limitations to this study. First, the radiation tolerance of the NPC to fractionated RT using IMRT delivery remains to be elucidated. Some investigators have speculated that the dose tolerance of NPC containing regions may be 10-20 Gy with variation based on fraction size, however at present the dose tolerance and volume effect of NPC sparing in humans remains uncertain. Animal studies are ongoing in our laboratory to answer this question. Second, although limited studies suggest that neurogenic niches are comparable in humans as in rodents [16] , the details remain to be investigated. Third, our mouse experiments were limited to the assessment of Ki-67? cells at a relatively early time point (24 h). Though this is a standard approach applied previously in NPC studies [8] , our experiment is different in that we deliver a different overall dose at a different dose rate. Future studies will be important to assess the impact of local radiation on survival and differentiation at both earlier and later time points as well as the impact of this change on neurocognitive outcomes. Additional studies will also be important in order to obtain a longer window of evaluation and to explore the impact of dose escalation.
In conclusion, we propose a novel RT technique in which modern standard-of-care radiation treatment planning technology is used to spare the NPC-containing niches of the brain without compromising tumor coverage. We used a mouse model to demonstrate that the NPC-sparing RT technique effectively spares NPCs at an early time point and performed a retrospective human planning study to demonstrate that NPC-sparing is feasible in a large number of brain tumor patients with a wide variety of tumor locations and geometries relative to the NPC-containing niches. We believe this technique may represent a method to reduce long term neurocognitive toxicity following RT for brain tumors without additional costs or added risks for the patient.
